I. INTRODUCTION
In the past two decades the Ga-Al-In-N material system, also called group III-nitrides, has revolutionized solid state light emitters 1 and has impacted photovoltaics as well as high-power and temperature electronics.
2, 3 The InGaN ternary system offers band gap tunability covering the whole visible spectral range. 4, 5 Moreover, InGaN nanostructures and nanowires ͑NWs͒, in particular, may provide a pathway to integrating optoelectronic devices on Si. 6 III-nitride NWs can be grown as single nanocrystals with high crystalline perfection on Si͑111͒ and ͑100͒, as well as on amorphous SiO 2 substrates. [7] [8] [9] The small footprint of the NWs on the substrate greatly relaxes issues related to the structural mismatch between substrate and NW. Many publications have already reported on the growth of homoepitaxial III-nitride NWs by plasma assisted molecular beam epitaxy ͑PAMBE͒, [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] including InGaN NWs on Si substrates. 21, 22 However, to exploit the whole range of optoelectronic devices compatible with a NW design, the possibility to realize axial as well as radial hetero-and quantum structures is essential. So far these efforts have focused on introducing thin quantum disks into the NWs ͑Refs. 13 and 23-32͒ with the aim of fabricating NW light emitting diodes ͑LEDs͒. In this paper, we report on the growth of InGaN/GaN NW heterostructures with both axial and radial components prepared by PAMBE and on their structural and optical properties. These heterostructures contain extended InGaN segments exceeding the few nanometers usually used in quantum well approaches. These detailed studies aid in the understanding of the growth mechanisms that govern the inclusion of extended InGaN sections in GaN NWs that may prove to be useful in NW LEDs.
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II. EXPERIMENT
The InGaN/GaN heterostructure NWs were grown by PAMBE on Si͑111͒ substrates in nitrogen rich conditions without any catalyst. The silicon substrates were cleaned before epitaxy by a standard ex situ chemical cleaning procedure and by in situ annealing in ultrahigh vacuum at 925°C for 15 min, in order to obtain an oxygen-free surface. The GaN NW base was grown at a substrate temperature of T S = 785°C, a Ga beam equivalent pressure of BEP Ga = 5.0 ϫ 10 −8 mbar, an rf-power of P rf = 500 W, a nitrogen flow rate of 4 SCCM ͑SCCM denotes cubic centimeter per minute at STP͒ and a growth duration of 2 h. Subsequently, the growth was interrupted and T S ramped down to 600°C within 10 min. Thereafter, the InGaN growth was started for 2 h with BEP Ga = 3.0ϫ 10 −8 mbar and BEP In = 3.4 ϫ 10 −8 mbar with the same nitrogen plasma conditions. The two reference samples shown in Figs. 1͑b͒ and 1͑a͒ were grown under the same growth conditions used for the GaN NW base and InGaN cap, respectively. Investigation of the morphology of the NWs was carried out in a Zeiss Leo1550 scanning electron microscope ͑SEM͒, a JEOL-2100F field-emission transmission electron microscope ͑TEM͒ operated at 200 kV, and an FEI Titan fieldemission TEM with third order image aberration corrector operated at 300 kV. The composition of the NWs was investigated in scanning TEM ͑STEM͒ mode with an energy dispersive x-ray ͑EDS͒ detector. The In/Ga concentration was quantified from the EDS spectra using the integrated peak intensities ͑In-L and Ga-L͒ and library element standards provided by the OXFORD ENERGY TEM software package. Tomographic tilt series over a 130 degree range were collected in STEM mode with a detector annular radius of 30-65 mrad. The NWs were mechanically severed from the substrate and dispersed on a carbon film supported by a standard Cu grid. The cross-sectional TEM samples were prepared by focused ion beam and tripod polishing. Photoluminescence ͑PL͒ measurements were performed using the 325 nm line of a Cd-He Laser as an excitation source, on as grown samples mounted in a liquid He cooled cryostat. Spectral analysis of the PL signal was carried out with a SPEX 1702 monochromator and a charge coupled device ͑CCD͒ detector camera. For the -PL measurements the asgrown wires were dispersed mechanically onto a thermally oxidized Si͑001͒ substrate ͑100 nm SiO 2 ͒. The substrate was additionally structured by e-beam lithography with Au markers in order to locate individual wires. Raman scattering measurements were performed at room temperature in backscattering geometry using a Jobin-Yvon T64000 spectrometer equipped with a CCD detector cooled with liquid nitrogen. The excitation wavelength used was the 488 nm line of an Ar + laser.
III. RESULTS AND DISCUSSION
A. NW morphology and structural properties
The morphology of the samples was investigated by SEM. The SEM side view images in Figs. 1͑a͒ and 1͑b͒ show pure InGaN and GaN NWs, respectively. The InGaN and GaN NWs were grown as control samples with which the InGaN/GaN heterostructures, shown in ͑c͒, could be compared. It can be seen ͓Fig. 1͑a͔͒ that the InGaN NWs have a small aspect ratio of about 4 and no symmetric hexagonal shape is evident from SEM top view images. The InGaN NWs slightly enlarge toward the top and show a general coalescence tendency. In contrast to the InGaN NWs, both GaN NWs and the heterostructure NWs have much higher aspect ratios and exhibit faceting with hexagonal shape consistent with the top basal plane and growth along the c-axis. However, it can be seen that the heterostructure NWs increase in diameter toward the top whereas the GaN NWs have smooth and very parallel sidewalls, i.e., uniform diameter over the entire length of the GaN NW. Moreover, the GaN NWs have a flat top surface while the InGaN/GaN NWs exhibit a complex apex with a threefold symmetry. Three of the six sidewalls are terminated in triangular shaped sidewalls labeled I in the morphology scheme in Fig. 1͑d͒ ͑the blue hexagonal core represents the initially grown GaN while the green shell is formed during the subsequent InGaN growth͒. The hexagonally shaped facets labeled II are inclined toward the center of the wire and form a tripod pyramid. The complex morphology is similar to the one observed by Kishino et al. 34 but differs from the findings by Hong et al., 35 where the NW tops were seen to be almost flat.
To investigate further the overall morphology and the complex apex of the heterostructure NWs, high resolution TEM investigations were performed. Figure 2͑a͒ shows a cross-sectional TEM image of an array of InGaN/GaN NWs. In contrast to the pure GaN NWs, the InGaN/GaN NWs exibit a gradual increase in diameter toward the tops ͓as seen by SEM, Fig. 1͑c͒ as well͔. A caplike structure with a facetted apex is visible at the top part of the NWs. A somewhat smaller increase in diameter is seen close to the base of the heterostructure NWs as well as some additional small wires adjacent to the substrate between the longer ones. The change in diameter of the longer NWs can be attributed to the onset of InGaN growth on the GaN NWs. The small NWs most likely also nucleated in the InGaN phase of the growth 13 as they show the same tendency toward coalescence as is observed for pure InGaN NWs ͓SEM image in Fig. 1͑a͔͒ . In Fig. 2͑b͒ a higher maginification TEM image from the middle section of a heterostructure NW and the corresponding diffraction pattern ͑DP͒ are shown. The DP can be indexed to the GaN wurtzite structure growing along the c-axis. The simulated DP along the ͓2110͔ zone axis is shown for comparison in color ͑slightly shifted to the right from the experimental spots͒. It can be seen that the diffraction spots stemming from this part of the NW are double, i.e., the electron beam probes regions of material with two close but different lattice spacings. This would be the case if the electron beam penetrates through a thin but well-defined shell of InGaN ͑larger lattice constant than GaN͒ grown epitaxially on the GaN core.
The cross-sectional high resolution TEM image in Fig.  2͑c͒ shows a high resolution image of the cap at the heterostructure NWs. Surprisingly, the facetted apex of the wire has a different crystallographic orientation than the lower parts. This is highlighted in the insets of Fig. 2͑c͒ showing lattice images of the trunk and cap of the NW. The DP from the cap shows that there still is a signal of the GaN core present in the cap but the InGaN alloy has now a growth direction inclined by 66°relative to the original direction. The inclination of the InGaN cap fluctuates from wire to wire, with inclinations of the terminating facets leading to shape variation. The interface between the two distinct parts of the NW having different crystallographic orientation is clearly indicated by the termination of inclined stacking faults ͓marked by a blue rectangle in Fig. 2͑c͔͒ . In addition, the cross section depicts two defects one on either side of the image, which extend approximately 25 nm from the side surface into the wire ͓marked by the red boxes in Fig. 2͑c͔͒ . The position at which these defects terminate appears to coincide with the surface of the previously grown GaN NW. We conclude that discrete InGaN alloy covers the top part of the GaN NW and forms a complex cap, schematically shown in Fig. 1͑d͒ . The formation of the complex cap in all NWs is observed to follow for a region of epitaxial growth of ϳ15 nm. For illustration the white line in Fig. 2͑c͒ indicates the interface between the GaN trunk and the InGaN cap. Thus, there is an axial interface at the top and a radial interface at the sides of the GaN trunk. The InGaN grows on the sidewalls at the upper part of the GaN trunk forming a coreshell region and on the top facet of the GaN core forming a faceted cap.
A careful structural investigation of the NW in Fig. 3͑a͒ was performed, in which high-resolution TEM ͑HRTEM͒ images from 10ϫ 10 nm 2 regions along different parts of the wire were analyzed using fast Fourier transform ͑FFT͒ to evaluate the spacings of the crystallographic planes of the InGaN and the GaN core and their relative orientation. The areas of FFT analysis were taken from regions with no visible stacking faults or other extended defects, even though in the parts of the NW close to the top such defects are present, as the presence of such defects and strain fluctuations in neighboring areas can influence local lattice spacings. These effects, as well as the local residual strain are neglected in our computation of the In concentration profile. The InGaN growing on the sidewalls, forming the shell around the trunk has the same crystal orientation as the GaN. Within this coreshell region of the wire, InGaN is deposited nonuniformly, resulting in NWs with constantly increasing diameter toward the top. In the lower part of the NW the smallest diameter of about 25 nm is found, which corresponds approximately to the GaN NW core diameter. The plane spacing fluctuates in a wide range along the wire. As can be seen in Fig. 3͑a͒ , there are regions with lattice distances close to 5.18 Å, the value of pure GaN ͑position 1 and 2 of the GaN core͒, as well as regions with larger plane spacing up to 5.43 Å. However, the most frequent value determined in the shell region is about 5.26 Å as for the points 2 and 3 in Fig. 3͑a͒ , which corresponds to ϳ16% In content in an unstrained alloy. If some compressive strain remains, the In concentration is underestimated by this procedure. The strain of a thin InGaN layer with 20% In concentration deposited on the lateral sides of the GaN NW can be estimated at about 2%. The local In concentration has a tendency to increase and strongly fluctuate toward the top of the core-shell NW region, reaching values as high as ϳ50% In at point 5.
In the InGaN cap which grows on the top of the GaN wire, domains with different crystallographic orientations can be identified. In the particular TEM image of Fig. 3͑a͒ , two domains are visible. These are indicated by white straight lines in Fig. 3͑a͒ . One domain ͑L-left part͒ has the c-axis in the same plane as the rest of the wire, but rotated approximately 70°relative to the GaN NW growth direction and the estimated lattice distance of 5.26 Å corresponds to an alloy containing 22% In. The other region ͑R-right part͒ of the cap might be a wurtzite structure with the c-axis almost perpendicular to the c-axis of the rest of the wire, or may be of cubic type. As previously discussed, the formation of different crystallographic domains determines the faceted shape of the InGaN cap, which frequently exibitins a threefold symetry. Figures 3͑b͒ and 3͑c͒ show the TEM image and the annular dark field image of a single heterostructure NW, respectively. The interface between the trunk and the cap is clearly visible ͓upper left corner in Fig. 3͑c͔͒ due to Z-contrast indicating higher In content in the cap compared to the remaining NW ͑see below for details͒. At the base of the NW ͑lower left corner in Fig. 3͑c͒ brighter contrast is visible, which originates from three small wires attached to the longer one. This brighter contrast results from two factors-i, due to this agglomeration the e-beam penetrates through more material, which gives rise to higher number of scattered electrons at the annular detector angle and ii. The shorter NWs at the base nucleated later than the fully grown NWs during the InGaN growth as discussed above and probably contain more In than the amount at the base of the fully grown NW. Importantly, in Fig. 3͑c͒ brightness contrast change is observed along the growth axis of the NW, which indicates that the interface between the initially grown GaN NW and the subsequent InGaN growth is sharp ͑see also Ref.
41͒.
In order to evaluate the In concentration EDS measurements were carried out in STEM mode with a spot size of about 0.2 nm. Figure 3͑d͒ shows a representative bright-field STEM image of an InGaN/GaN NW heterostructure along which EDS line profiles were taken. The points at which the EDS measurements were performed are marked by colored dots. The In content as a function of the distance from the Si substrate is shown in Fig. 3͑d͒ . The In concentration is evaluated as a mean value which includes the contribution due to the GaN core. Overall In was detected over the entire length of the NW even though the distribution is not uniform. While the middle section of the wire contains very little In in the cap the mean concentration of In increases rapidly and reaches about 27 at. %.
B. Optical properties
The PL spectra of the three samples shown in Fig. 1 are presented in Fig. 4͑a͒ . The InGaN NWs show a very broad PL emission ͓full width at half maximum ͑FWHM = 0.76 eV͔͒ centered at 2.1 eV. However, no emission was observed in the near band edge region of GaN around 3.47 eV. This broad peak could be assigned to InGaN alloy band edge emission but also to defects present in GaN. If spontaneous phase seperation takes place, GaN NWs or GaN inclusions in InGaN could have also been produced. Due to the low growth temperature a high density of structural defects can be expected, which would cause the PL emission at 2.1 eV. In order to rule this hypothesis out, a GaN sample grown at the same growth parameters without In supply was investigated, and no luminescence at 2.1 eV could be detected. The PL spectrum of the GaN NWs shown in Fig. 1͑b͒ has a strong band edge emission that contains free exciton X A and donor bound exciton D 0 X A contributions. 9 In addition emission between 3.1 and 3.26 eV is observed, which is typically assigned to a donor acceptor pair ͑DAP͒ transition. The PL spectrum of InGaN/GaN NW heterostructure also shown in Fig. 4͑a͒ has the characteristics of both spectra GaN and InGaN NWs described previously. In the spectral range of the emission from the GaN core, the GaN near band edge peak as well as the DAP region can be observed. The broad emission from the InGaN is centered at about 2.2 eV with a FWHM of 0.8 eV. The peak position suggests an average incorporation of approximately 30% In, 6 in agreement with EDS measurements. The broadness of the emission could be explained by compositional variations in the InGaN alloy along the NW and between NWs. This is confirmed by -PL measurements on single InGaN/GaN NW heterostructures presented in Fig. 4͑b͒ . In total 21 wires have been investigated, all showing luminescence near the GaN band edge region. Most NWs also exhibit luminescence below 2.6 eV. The center of this emission varies from wire to wire and has a FWHM as low as 0.25 eV. This broadening is assigned to band gap variation due the different In content in the core-shell and cap segments of individual wires. A variation in the In content of 8% corresponds to the FWHM of 0.25 eV. This variation in the In content indicated by -PL is in agreement with that of the TEM analysis discussed previously.
In order to additionally confirm the In concentration derived from PL measurements and to rule out green defect luminescence of the GaN ͑Refs. 6, 36, and 37͒ Raman measurements were conducted exciting the sample using the 488 nm line of an Ar + laser. As a reference, spectra from GaN and InGaN NW samples were also obtained and compared with the InGaN/GaN NW heterostructure sample. The Raman spectra of the NW samples are displayed in Fig. 5 . For comparison, the Raman spectrum of a metal organic chemical vapor deposition ͑MOCVD͒-grown InGaN thin film with ͓In͔ = 24% is also shown. After subtraction of the luminescence background, a clear Raman peak emerges in the spectra of both, the InGaN/GaN and the InGaN NW samples at about 700 cm −1 . This corresponds to longitudinal optical ͑LO͒ modes of the InGaN alloy, which are resonantly enhanced via the Fröhlich interaction under the near resonant conditions of the experiment. 38 No feature associated with the E 2 mode could be observed above the luminescence background. Although the experiments were carried out in backscattering configuration from the sample surface, given the morphology of the NWs ͑see Fig. 1͒ , which exhibits a large proportion of lateral and beveled facets, the observed LO peak is probably due to quasi-LO modes with a strong component of the E 1 ͑LO͒ mode ͑see for instance Ref. 39͒. However, the A 1 ͑LO͒ and E 1 ͑LO͒ modes are very close in frequency, 40 and, therefore, a single LO peak is observed due to broadening of the Raman lines by alloying fluctuations. The frequency of the resulting quasi-LO mode gives a good indication of the mean value of the InGaN alloy composition. By comparison with the Raman spectrum of the InGaN layer, an average In composition in the InGaN NWs of ϳ25% can be estimated according to the composition dependence of the A 1 ͑LO͒ frequency. 38 Raman measurements on the GaN NWs were performed away from resonance conditions and only a weak, sharp E 2 peak was detected at ϳ567 cm −1 . The additional bands that can be observed in the Raman spectrum of that sample correspond to the first and second-order peaks of the Si substrate. In the InGaN/ GaN NW heterostructure sample no GaN Raman signal could be detected as it was buried in the luminescence background.
The LO peak observed in the InGaN and InGaN/GaN NW samples displays an asymmetrical broadening to the low frequency side. This probably reflects In composition fluctuations across the NWs ͑see above͒ and also within the ensemble of NWs probed by the Raman measurement. 38 The LO peak of the InGaN/GaN NW heterostructure is clearly shifted to lower frequencies relative to that of the InGaN NW sample. Such a frequency shift could be related to a higher In content of the InGaN alloy in the NW heterostructure.
IV. CONCLUSIONS
In conclusion InGaN/GaN NW heterostructures show a complex morphology with a hexagonal wire base and a tri- pod pyramidal top. The In content was evaluated combining TEM structural and compositional investigation and optical measurements. TEM investigations of the lattice spacing by FFT as well as DPs indicate variations in In content along the wire. Compared to EDS ͑In content: 27%͒ both optical measurements provide a similar In content ͑Raman: 25%/PL: 30%͒. Single wire PL measurements confirm compositional variations from wire to wire and along the wire. This finding is also supported by Raman measurements of the NW ensemble.
